Conformally coating vertically aligned carbon nanotubes (v-CNT) with metals or oxides can be difficult because standard line-of-sight deposition methods, such as dc sputter coating and electronbeam evaporation, are hindered by the low mean-free-path within the vertically aligned array. In this work, we present a facile method to conformally coat dense arrays of v-CNTs using thermal decomposition of iron pentacarbonyl at 205 C and 30 mTorr. The resulting coatings were found to be uniform from top-to-bottom across an entire 1 Â 1 cm 2 array of v-CNTs. The thickness of the deposited coating was found to be 2-3 nm=cycle and the resulting film thickness were found to be 13 6 3 nm after five cycles and 55 6 5 nm after 20 cycles. This process demonstrates that metal organic chemical vapor deposition can be used to fabricate conformal coatings on v-CNTs.
I. INTRODUCTION
Vertically aligned arrays of carbon nanotubes (CNTs) present an interesting case study on the challenges of conformally coating nanostructures. Specifically, the low density and high aspect ratio structural properties that make vertically aligned CNTs (v-CNTs) attractive for applications in capacitors, 1, 2 field effect transmitters, [3] [4] [5] and thermal interface materials, 6 can also make them difficult to coat. The low volumetric density of v-CNTs results in a physically delicate structure that prohibits many standard processes that require immersion, while the low mean-free-path of a vertically aligned CNT array inhibits dc sputter and electron beam deposition methods for all but the outermost layer. Some recent work in atomic layer deposition (ALD) has shown excellent progress towards using ALD to conformally coat v-CNT arrays; 7 however, overall the process still requires significant optimization and can be challenged by nonuniformities caused by diffusion, low adhesion, and poor nucleation. 8, 9 Other methods to coat CNTs include supercritical CO 2 hydrolysis to form conformal oxides, 10, 11 or hydrogenolysis to attach metallic nanoparticles; 12 however, neither of these methods have been shown to preserve the alignment of v-CNT arrays.
In this paper we demonstrate a facile method to uniformly coat an array of v-CNTs using metal-organic chemical vapor deposition (MOCVD) of thermally decomposed iron pentacarbonyl, Fe(CO) 5 , at low pressure. In an MOCVD process, a sample substrate is placed into a reaction chamber that has either heated sidewalls or a heated stage while an organometallic vapor is introduced along with any carrier and reactant gasses. The organometallic compound then decomposes to form solid metal, 13 semiconductor, 14 or oxide [15] [16] [17] coating onto the heated sample substrate with structures ranging from quantum dots, 18 nanorods, 14, 17 or continuous films. 13 The fact that the organometallic precursors are often delivered in a gas phase with the ability to mix a number of organometallic precursors at the same time or sequentially enables the fabrication of high quality, metastable alloy and compound films when processing conditions, such as temperature, reactants, partial pressures, and substrate material type, orientation, and quality, are well controlled. These films have a wide range of uses in light-emitting devices, 19 solid-state semiconductor lasers, 20 and more. 21 Despite the large amount of research on both MOCVD films and carbon nanotubes, there are surprisingly few examples of MOCVD coatings on CNTs in literature; however, recent work by both Tan et al. showed that conformal coatings of Co can be fabricated for CNTs with diameters greater than 100 nm and Co "beads" were created for CNTs with diameters below 100 nm. 22, 23 In our work, low pressure and a heated stage were used in combination with N 2 vacuum purge cycles to increase the conformability of the MOCVD process. These important processing choices insure that only the sample itself was hot enough to decompose the organometallic, thereby limiting decomposition of the organometallic to those molecules that had adsorbed on the CNT surface. We also chose Fe(CO) 5 as our organometallic precursor to form an iron film because a) Electronic mail: cp.wong@mse.gatech.edu Fe(CO) 5 is liquid a room temperature, has a high vapor pressure, a relatively low decomposition temperature of 200 C, and is a zerovalent complex. 24 The zero valent nature of Fe(CO) 5 is particularly beneficial because it enables the low temperature decomposition to form solid without any oxidation steps nor the use of a reactive plasma to reduce the organometallic. Unfortunately, the Fe film deposited in this experiment is readily oxidized on contact with air; however, the basic principles used could be applied to a number of different noble metal based organometallics to form stable, conformal thin-metal films.
II. EXPERIMENT
The following procedure was utilized to grow and coat the CNTs. A CNT seed layer was prepared by sequentially depositing 10 nm of Al and 2.2 nm of Fe via electron beam evaporation at 3 Â 10 À6 Torr or less on top of 100 nm of thermally grown SiO 2 in dry O 2 at 1100 C on (100) silicon wafer. A film of v-CNTs is grown in a tube furnace using standard methods 25 on a 1 Â 1 cm 2 chip for 15 min at 720 C using C 2 H 2 as the carbon source, Ar as the carrier gas and H 2 to control C 2 H 2 pyrolysis. Fe(CO) 5 was decomposed to form a conformal coating on the v-CNTs using the setup shown in Fig. 1 . First the sample was placed in a flat-bottomed chamber, labeled "C3." Next, the entire Schlenk line and chamber system was flushed three times with N 2 (99.999%, Airgas) with the system pumped down to less than 10 mTorr between each cycle and then filled with N 2 to 650 Torr. 25 mL of Fe(CO) 5 is introduced into chamber C1 and kept at room temperature. The deposition cycles are as follows: Chambers C2 and C3 are pumped down to 30 mTorr, closed off from the Schlenk line and then valve V2, separating chamber C2 from C3, is closed while valve V1 linking chamber C1, containing the Fe(CO) 5 , and chamber C2 is opened for 5 s to introduce Fe(CO) 5 vapor into chamber C2; vapor phase Fe(CO) 5 is evidenced by the vigorous bubbling in chamber C1. Valve V2 between chambers C2 and C3 is opened for 15 s to introduce Fe(CO) 5 vapor into chamber C3 and then V2 is closed. A hot plate set at 220 C is then brought into contact with the bottom of chamber C3 until the temperature of the CNT array reached 205 C as measured using a noncontact IR sensor focused on the CNT array, this took $2 min. At that point, the hotplate is lowered, valve V2 is opened and then chambers C2 and C3 are then purged three times with evacuation to 30 mTorr, flooded to 650 Torr with N 2 . The surface of the v-CNTs is verified to be at room temperature using the IR sensor. The overall deposition cycle is repeated until the desired thickness is achieved. In this work we ran 5 and 20 cycles to show the range and conformability for both thin and thick films. All samples were imaged using the in-lens detector of a Zeiss LEO 1550 thermally assisted field emission (TFE) scanning electron microscope (SEM) operating at 10-15 kV accelerating voltage and 3-4 mm working distance. The front, center and middle areas Fe coated CNT film were examined in the SEM by removing a section of CNTs using a pair of tweezers. The diameter at the top, middle, and bottom of the CNTs were measured using high magnification and a reduced raster and reduced scan speed to minimize image drift with a total of $200 measurements taken. The spot size of the microscope was around 2-3 nm and the resulting averages were rounded up to 3 nm to reflect this unless the measured standard deviations were larger than 2 nm.
X-ray photoelectron spectroscopy (XPS) of the top surface of the treated v-CNTs was taken to confirm the presence of iron using a Thermo K-Alpha XPS system with a 400 lm spot size and utilizing the neutralizing flood gun to minimize charging effects of any air oxidized surface iron.
III. RESULTS AND DISCUSSION
The CNTs were found to have a uniform coating after both 5 and 20 cycles as shown in Fig. 2 . The top image shows CNTs near the top of the array with a measured diameter of 15 6 3 nm before any Fe(CO) 5 deposition. Figures 2(B) and 2(C) show the CNTs near the bottom of the array located in at the center of the 1 Â 1 cm 2 chip to illustrate that the coatings are conformal throughout the entire array; the increased curvature of the CNTs is typical of CNTs near the bottom of the array and is not a result of the Fe(CO) 5 deposition process. The diameter of the Fe coated CNTs was 40 6 5 nm (13 6 3 nm of Fe) after five cycles and 125 6 10 nm (55 6 5 nm of Fe) after 20 cycles with the variance measured across the sample at five positions near the bottom of the array. The deposition rate was estimated at 2-3 nm=cycle, indicating a relatively thick yet conformal adsorbed Fe(CO) 5 layer prior to decomposition of the Fe(CO) 5 to Fe solid and CO gas .
The conformability achieved by our process stands in sharp contrast to the discrete Fe nanoparticles and larger bead-shaped Co particles achieved by others using MOCVD processes on CNTs. 22 Based upon the information available in the experimental methods sections, we can see that cycling and dose control play an important role in enabling conformal coatings on CNTs. In Tan's work using Fe(CO) 5 , 22 the CNTs were immersed in the Fe(CO) 5 liquid and then dried prior to decomposition under vacuum at 180 C, while in Obedkova's work, a fixed amount of bisarene-chromium compounds and CNTs were introduced into a sealed chamber and the organometallic compound entirely FIG. 1 . Schematic of test equipment. A pump and N 2 are connected to a Schlenk line to provide vacuum and N 2 for purging. Chamber C1 holds the Fe(CO) 5 and is connected to the low-pressure chamber, C2, via valve V1. Chamber C3 holds the CNT array and is connected to low-pressure chamber C2 via valve V2. A hot plate set at 220 C is mounted on a raiser to heat the bottom of C3 after Fe(CO) 5 vapor is introduced into C3. The pressure is monitored at the Schlenk line while a noncontact IR sensor monitors the temperature of the CNT array. decomposed at 400 C. 23 In both cases the amount of organometallic available for decomposition was fixed prior to decomposition and only a single process cycle was used. This stands in sharp contrast to our process in which uses a cycled series of steps that first introduce saturated Fe(CO) 5 vapor at low pressure followed by decomposition of Fe(CO) 5 and then chamber purging. This allows us to slow the deposition rate down to avoid large beading but still deposit a thick Fe layer if desired. In terms of conformability, there are additional benefits of using a carbonyl based complex versus the bis-arene-chromium compounds used by Obedkova et al.
As it was pointed on in their paper, the decomposition of bisarene compounds can form organic ligands, which result in beaded structures on CNTs with diameters less than a critical diameter of 100 nm. The use of Fe(CO) 5 , which decomposes directly to Fe solid and CO gas avoids the complication of forming a high surface energy liquid phase and does not bead up on our small diameter CNTs.
XPS was conducted to verify the presence of iron on the carbon nanotube surface as shown in Fig. 3 . The survey scan shows the presence of carbon, oxygen, and iron while scans from 700 to 740 eV examine the energies where the Fe 2p binding orbitals are expected. 26 This scan shows strong peaks at 710.7 and 724.4 eV, which match up well with the Fe 2p 1=2 and Fe 2p 3=2 binding energies of FeO and=or Fe 3 O 4 which have binding energies within 0.1 eV of each other and were not distinguished in this study; however, FeO is not thermodynamically stable at room temperature in air and Fe 2 O 3 is most likely the composition of the iron carbonyl treated CNTs. This conclusion is further reinforced by the presence of an Fe III satalite peak seen at 718.5 eV. The lack any peaks for Fe metal , which would have been seen at 706.5 and 719.7 eV, is not surprising given that these peaks are not reported in literature in air exposed Fe films until an ion bombardment treatment is used to remove the surface oxidation. Also, some of the thinner depositions could be expected to oxidize completely in air. Unfortunately, transport to the XPS machine in an inert atmosphere was not available and we could not confirm the deposition of pure Fe metal; however, future work will focus on using silver based organometallics to form conformal metal coatings that are stable in air. 
IV. SUMMARY AND CONCLUSIONS
In conclusion, we demonstrated a simple method to conformally coat a vertically aligned carbon nanotube array from top-to-bottom and across an entire 1 Â 1 cm 2 sample using thermal decomposition of iron pentacarbonyl by the repeated applications of saturated Fe(CO) 5 vapor at low pressure in combination with discrete heating steps followed by N 2 purging allowed us to control the amount of Fe(CO) 5 deposited. This process was conducted at a relatively low chamber temperature of 220 C with a measured CNT surface temperature of 205 C, resulting in a process that is compatible with low cost glassware and a wide variety of substrates. XPS scans of the treated v-CNT films show the presence of iron oxide with the oxide attributed to the oxidation of the Fe on contact with air. Future tests will utilize silver based organometallics to form an air-stable conformal metal coating on the v-CNTs for applications in thermal interface materials, field emitters, fuel cells, and pseudosuper capacitors.
